amplified from the Israeli dog (IS-R) naturally infected with E. canis were assigned the 154 following accession numbers: gp19 (EU118958), gp36 (EU118961) and gp140 (EU118962). 155
156

Results
157
Diverse immunoreactive proteins (gp36 and gp200). Major immunoreactive protein genes, 159 gp36 and gp200 were amplified and sequenced from the three isolates (US, BR and IS) and one 160 blood sample (gp36 only; gp200 could not be amplified from blood) from an Israeli dog (IS-R) 161 naturally infected with E. canis (Figs. 1 and 2). The gp36 was the most divergent with amino 162 acid identities ranging from 81.5 to 91.7. The E. canis gp36 (US strain) had 12 tandem repeats, 163 but six additional repeats were found in the Brazilian strain, which decreased the overall percent 164 identity (81.5%). However, only eight nucleotide differences (8 amino acid changes) were found 165 between US and BR gp36 genes, four of those were located in the C-terminus (last 15 amino 166 acids). Conversely, substantial divergence in IS gp36 gene was found. Two nucleotides that 167 encode the nine amino acid repeat differed and resulted in two amino acid substitutions were 168 noted only in the IS strain. The IS strain had 11 tandem repeats and the IS-R strain had 10. The 169 repeat region of US, BR and IS-R were identical in sequence, but differed in the number of 170 repeats (12, 18 and 10, respectively). The domain with the highest level of divergence in gp36 171 was found in the C-terminal region (last 18 amino acids). The IS strain exhibited the least 172 identity (33%) with the US strain in this region, while BR and IS-R strains had higher identity 173 with the US strain. 174
The gp200 from the US and BR strains exhibited a high amino acid identity (99.6%), and 175 the IS strain had lower identity (94.3%). There were four amino acid differences between the US 176 genes, gp19 and gp140, were amplified and sequenced from the three isolates (US, BR and IS) 182 and one blood sample from an Israeli dog (IS-R) naturally infected with E. canis. The US and 183 BR strains had identical gp19 and gp140 gene sequences. The gp19 gene of IS strain had one 184 nucleotide substitution (position 104) that resulted in a single amino acid change (Glu to Gly at 185 position 35) in the epitope-containing region that was previously reported (28). Interestingly, the 186 gp19 gene amplified from the Israeli dog naturally infected with E. canis (IS-R) was identical to 187 the US and BR strains. A high degree of overall nucleic acid and amino acid conservation was 188 observed in the gp19 (99.99 to 100 identity) in geographically dispersed strains. 189
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The gp140 gene of the IS strain had two fewer tandem repeats (12; 14 in US strain), but 190 had nine nucleotide substitutions that resulted in nine amino acid changes, seven that were 191 localized to two of the 12 tandem repeats (Fig. 3) . The IS-R strain had a same number of tandem 192 repeats as the IS strain, and had identical amino acid changes in seven locations. However, eight 193 additional amino acid changes (in repeat region) unique to IS-R compared to IS were noted ( reactivity of all sera with each lysate (US, BR, IS) was relatively homogeneous, and most 200 consistent in the masses >45 kDa and <100 kDa. The most notable differences were observed in 201 known major immunoreactive proteins including gp36 and gp140. The Brazilian gp36 was 202 substantially larger than the US strain due to six additional repeat units (Figs. 1 and 4A) . Two 203 types of immunoreactivity were consistently observed with Israeli dog sera. One type 204 crossreacted with the US and Brazilian gp36 (Fig. 4A ) and the other type reacted with a protein 205 present in the IS strain that was of similar in size to the US strain gp36, and these sera did not 206 cross react with US and BR gp36 (Fig. 4A ). The gp140 of the Israeli strain was smaller (2 207 repeats less) than the US and BR strains ( Fig. 3 ) and was strongly recognized in all strains with 208 the Israeli sera, but the IS gp140 was weakly recognized by sera from Brazil and the USA (Fig.  209 4A). The gp19 exhibited the same mass in all strains and was strongly recognized by dog sera 210 from each country (Fig. 4A) . The gp200 exhibited a similar mass in all strains and 211 immunoreactivity of the gp200 was more prominent in the BR and US whole cell lysates probed 212 with USA sera (Fig. 4A ). Another notable differences were an unknown protein (~90-95 kDa) in 213 all strains that strongly reacted with sera from Israel among all strains, but the IS protein was 214 weakly recognized by Brazilian and USA sera (Fig. 4A) . 215 Anti-US strain gp36 antibody reacted strongly with BR and US strain gp36, but no 216 reactivity was observed with the IS strain. Anti-US strain gp200 and gp19 antibodies reacted 217 with a proteins of similar size in all strains (Fig 4B) , and anti-US strain gp140 reacted with all 218 strains although the gp140 in the IS strain was smaller in mass (Fig. 4B) . 219
Three sera from dogs naturally infected with E. canis from Israel, Brazil and the USA 220 were reacted with the respective E. canis whole cell lysates (IS, BR and US) to evaluate 221 consistency of antigen recognition by different dogs from the same location. A similar antigen 222
on October 20, 2017 by guest http://cvi.asm.org/ Downloaded from reactivity pattern of the sera with each respective E. canis lysate was observed (Fig. 4C) . Some 223 minor differences in antigen recognition were noted among dogs from the same region, but 224 immunodominant proteins were consistently recognized by all dogs. One exception worth 225 noting was observed with the sera from Israel. As noted above a protein similar in size to the 226 gp36 was strongly reactive with two of the Israeli dog sera (Israel Ab1), and two Israeli dog sera 227 (Israel Ab2) reacted with the US and BR gp36 as shown in Figs. 4A and 5. 228
229
Immunoreactivity of recombinant IS and US gp36. The IS (611 strain) and US (Jake strain) 230 recombinant gp36 proteins were expressed and reacted with E. canis infected dog sera from 231
Israel, Brazil and the USA. The expressed recombinant IS-gp36 exhibited a molecular mass 232 slightly smaller (~53 kDa, including 16 kDa N-and C-terminal fusion tags) than the recombinant 233 US gp36. The recombinant IS gp36 reacted strongly with sera from an Israeli dog naturally 234 infected with E. canis, but not with the recombinant US-gp36. The US-gp36 reacted strongly 235 with sera from the USA and Brazil. Sera from Israeli dogs that recognized IS-gp36 did not cross 236 react with US-gp36. In contrast, Israeli sera that recognized US-gp36 did not recognize IS-gp36 237 (Fig. 5) . 238 This is the first study in which three globally dispersed strains of E. canis were 252 propagated in a single laboratory in order to closely compare the antigenic profile under the same 253 conditions and to examine genetic differences in four newly characterized major immunoreactive 254 protein genes in these strains. Previously, sera from various locations were reacted with a single 255 E. canis antigen preparation (US) to gain some information regarding antigenic diversity (14) . 256
A C C E P T E D
Future studies with a larger number of strains from more locations may provide additional 257 insight into the diversity of E. canis, this study does provide important information with regard 258 to E. canis in the three countries included in this investigation. Western immunoblotting of 259 native E. canis lysates reacted with homologous and heterologous sera revealed that the 260 immunoblot pattern of immunoreactive proteins is consistently homogeneous with regard to 261
on October 20, 2017 by guest http://cvi.asm.org/ Downloaded from protein mass and immunoreactivity, suggesting that most of these proteins are conserved among 262 geographically separated strains. These findings are in agreement with a previous study which 263 reported relatively homogenous immunoblot patterns using sera from different geographic 264 locations (14). However, the former study was limited in that it compared antigen profiles 265 (proteins <110 kDa) using a single E. canis (Florida strain) whole cell lysate preparation. 266
Furthermore, consistent and strong recognition of E. canis antigens (>80 kDa) reactive by 267 immunoblot in this study, were not consistently identified in the previous study using sera 268 originating from the United States (14). This difference is likely due to protein blotting 269 conditions resulting in more efficient transfer of high molecular mass proteins in our study. 270
Furthermore, some notable differences in the molecular masses of immunodominant antigens 271
were also identified in this study. The gp19 and gp36 were the most immunodominant antigens 272 in both the US and Brazilian immunoblots, while proteins in the 28-30 kDa range, consistent 273 with the mass of the major outer membrane protein (p28/p30) were present, but were less 274 dominant. The immunodominant proteins identified this study are consistent with those 275 identified in our previous study using the same US antigen, but with sera from experimentally 276 infected dogs (25) . 277 Antigens that were most visibly different among strains (molecular mass) were some of 278 the proteins specifically examined in this study. The most divergent of the four examined in this 279 study was the gp36, a secreted protein that elicits an early antibody response directed at the 280 tandem repeat region, and differentially expressed on dense-cored ehrlichiae (11). Previous 281 studies had reported differences in the number of gp36 tandem repeats in E. canis strains (10) as 282 well as the ortholog in E. ruminantium (Erum1110) (4), a finding confirmed in this study. 283
Interestingly, there were two types of sera from naturally infected dogs from Israel that were 284
on October 20, 2017 by guest http://cvi.asm.org/ Downloaded from identified based on reactivity to the gp36. The first type reacted strongly with the US and BR 285 gp36 and the second type reacted with a protein in the IS strain with similar size to the US gp36 286 and consistent with the size of the IS gp36 that was sequenced in this study. This difference can 287 be explained using the gp36 gene sequence information from the IS and IS-R strains. Some dogs 288 appear to be infected with a IS-R strain type, which has a gp36 identical in the antibody epitope 289 region as the US gp36 (11). In contrast, the IS strain, which was propagated in the laboratory 290 and used in the immunoblots has a divergent gp36, which has two amino acid substitutions (S → 291 P; P → T) in the epitope containing repeat region. Thus, the serologic response to gp36 in the IS 292 antigen preparation is dependent on the strain of E. canis infecting the dogs. Evaluation of four 293
Israeli sera from naturally infected dogs found half were specific for the IS gp36 and half 294 contained antibodies to the US gp36 (IS-R strain). Serologic and molecular evidence indicate 295 that there are at least two distinct E. canis strains circulating in Israel. This is in contrast to the 296 US and Brazil, which appear to be more conserved as has been previously reported 297 (10, 11, 29, 30, 53) . Another interesting region of diversity among all strains was in the gp36 298 carboxy-terminal region immediately downstream of the repeat region. Antibody epitopes have 299 not been identified in this region (11), suggesting that this diversity is not a direct result of 300 humoral immune selection pressure. The divergence of gp36 among the strains examined in this 301 study supports the conclusion that this gene useful for molecular genotyping of E. canis strains. 302
The gp200, which is the largest major immunoreactive protein identified in E. canis had 303 high conservation between US and BR strains, but substantial diversity was found in the IS 304 strain. The gp200 is a secreted nuclear translocated ankyrin repeat containing protein that has 305 five major species-specific epitopes located primarily in terminal acidic domains (34,35). The 306 amino acid changes in the IS gp200 were distributed throughout the protein, but a higher 307 carboxy-terminal and internal epitopes had at least two amino acid substitutions; however, only 310 one of the two known amino terminal epitopes had a single amino acid substitution. The IS 311 gp200 appeared to be less reactive with heterologous sera than with homologous sera, and these 312 substitutions in known epitopes are likely responsible for this difference. Conversely, 313 conservation of the N-terminal epitopes would result in recognition of the gp200 in all strains as 314 was demonstrated by immunoblot. 315
Two of the immunoreactive proteins (gp19 and gp140) examined in this study were 316 highly conserved. The gp140 has been previously shown to be identical in US strains (53); 317 however, the conservation of the gp140 outside the US has not been investigated. Consistent 318 with previous findings, the gp140 was found to be highly conserved among US, BR and IS 319 strains. The IS-R strain was the most divergent, with the most frequent substitution located in 320 the repeat region, where an asparagine was replaced by serine. This substitution was also 321 observed in the IS strain, but was more frequent in the IS-R strain. The fact that all of the 322 tandem repeats did not possess this substitution, suggests that is a point mutation that is 323 occurring as a result of immune pressure. The repeat region of the gp140 does contain a strong 324 antibody epitope in an area containing the substituted amino acid (McBride, unpublished data). 325
The most notable difference was found in the Israeli strains, which had two fewer tandem 326 repeats. This difference in tandem repeats was also evident by immunoblot, as the IS gp140 327 exhibited a smaller molecular mass. Variations in the number of tandem repeats has been 328 reported in E. chaffeensis gp120, the E. canis gp140 ortholog (45,52). However, E. chaffeensis 329 gp120 repeat variants have not been associated with differences in pathogenicity (37). 330 The E. canis gp19 is a recently characterized ortholog of E. chaffeensis VLPT that has a 331 single major serine-rich epitope (28). In our previous study, we reported that the gp19 was 332 highly conserved among strains from the US, Mexico, Brazil and Israel. However, single amino 333 acid changes were noted in the Israeli and Mexican strains, both of which were located in the 334 antibody epitope containing region (28). In this study, the IS-R strain was found to be identical 335 to the US and BR strains, and the IS strain (611) was confirmed to have a single amino acid 336 substitution at position 35. Although the IS strain has a single amino acid substitution in the 337 epitope-containing region, it was still strongly recognized by homologous and heterologous 338 antisera, suggesting that this change is not critical to epitope recognition. However, selective 339 immune pressure may be responsible for these changes considering the location. The gp19 does 340 elicit an early antibody response and is a dominant antigen on immunoblots. The conservation of 341 this antigen in geographically dispersed E. canis strains suggests that this protein be useful for 342 immunodiagnostics and vaccines that are widely applicable. 343
The development of reliable immunodiagnostics and vaccines for canine ehrlichiosis is 344 dependent on understanding differences that may exist in geographically dispersed strains of E. 345 canis, particularly with respect to these important genes. Further studies involving additional E. 346 canis strains and more potentially important genes are needed to appreciate the full extent of 347 global diversity of the organism and specific genes that have increased selection pressure. We 348 specifically focused this study on genes with increased selection pressure, in order to provide 349 additional insight into the diversity of E. canis. This information would also expand our 350 knowledge with regard to the genetic variability in known targets of the host immune response 351 and identify new and useful targets for genotyping E. canis. Based on the information generated 352 in this study and others, E. canis appears to be more conserved than E. chaffeensis or E. 353 
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